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RADIOGRAPHIC STUDY OF IMPACT IN POLYMER-BONDED EXPLOSIVES*

by

Erik Fugelso, J. D. Jacobson, Robert R. Karpp,** and Russ Jensen***

ABSTRACT

Computer-tomography generated material-density maps from flash x-ray radio-
graphs of the impact of cylinders of mockup polymer-bonded explosive (PBX)
striking a steel plate. Comparison of the density fields with computer simu-
lation allowed discrimination of rather complex deformation and flow models
for insensitive explosives to be used in further studies of chemical reactions
initiated by shock waves.

An initial step to determine the mechanism of detonation initiation in the
ballistic impact of insensitive high explosives is the measurement and compu-
tational modeling of the mechanical deformation. To this end, impact param-
eters of mochup Polymer Bonded Explosives (PBX) cylinders striki, g a steel
plate were mea<ured through the axisymmetric adaptation of computer assisted
tomugraphy (CAT) and compared with several numerical simulations involving
arfrerent mode 1s of the PEY. (/7 guuerates a density map throughout the cyl-
inger at selected time intervals from low energy ray radiographs.l'z Fea-
tures surh as shock fronts, cracks and recompression zones are identified and
quantitied. Variations in the mathematical modelling to match early and late
time behavior are sumewhat complex and lead to improved characterization of
the PBEX mechanical models, to which reactive descriptions can later be applied.

Two flash rauviographs from a set of radiographs of the impact of an inert
PBX mockup on a stcel plate were selected for study. The projectile was a

*Work performed under contract W-7405-ENG-36
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right circular cylinder 8.85 mm radiuvs, L/D ~1.2, the impact velocity was
677 m/s. The composition of the cylinder is listed in the table. Tihe x-ray
source was 150 kev; radiographic times after initial contact with the steel
plate were 4.8 and 11.2 us.

The transmitted intensity, € an x-ray beam through the projectiie it
related to the incident intensity, Io' of the x-ray from the source,

: ; ) )
I = 1,0 s(e)exp[-] e(t)ule,&)ct]ae )/ {Js(e)de) (1)
0 0 o

where p(f) is the material density, uv(e, ¢) is the x-ray absorption
coefficient, which is a function of x-ray energy, e, s(e) is the distribution
function of the energy of the x-ray source and ¢ is the path of the x-ray.
Equation (1) reduces to a simple exponential if either y is independent
of the x-ray energy or the x-ray source is monochromatic. If the absorption
coefficient is not independent of the x-ray energy and the source is not mono-
chromatic radiation, it is possiule to calculate an effective constant absorp-
tion coefficient through a nonlinear stretching transformation, utilizing the
property that the transmitted intensity decreases monotonically with increas-
ing thickness.
In either case the intensity can be written in a simpler form,

in]l = (-J’o.ndL)+I!ll° . (¢)

The negative logarithm of the x-ray intensity, after corrections for
nonuniform incident intensity and geometric bcam spreading is proportional to
the integral of the product of the moterial density and the x-ray absorption
coefficient. The prorile has arisymmetry and, if we select values of this
integral on a plane slice pcurpendicular to the axis of symmwetry, elementary
application of the technigues of computer assisted tomography will allow
reconstruction of the moterial density along the radius. Denote by g(x) the
value of the negutive logarithm of the x-ray at fixed axtal distance, at a
distance x from the axis  Oenote by f(r) the valuc ot the product ey At

distance r from Lthe axis. Then



g(x):Zf: _Yi(L)_d_T. (3)
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where a is some radius beyond which f(r) vanishes. We have measured g(x) and
can calculate numerically the value of f(r).

The two radiographs were digitized on a PDS scanning microdensitometer at
50 micron spacing with a 50 micron by 50 micron aperture; 512 lines with 1024
pixels per line were obtained. Figures 1 and 2 show the digitized radiographs.

These radiographs were then displayed on the Contal 8000 digital image
display and an interactive program was utilized to devermine the centerline of
the projectile. The maximum tilt of the projectile from ideally normal impact
was measured and was less than 2°. The needed projecticns were then ex-
tracted from the digitized radiograph.

To reduce film grain noise, a median or Tukey filter was used on each
line. Figure 3a shows one line of the criginal input data of the 4.8 us
radiograph with film noise. This line is near the top of th2 projectile
(about ten lines below the top). The median filter was appli2d to this line,
its negative logarithm then taken and then corrected for the polychromatic
source.

The x-ray ahsorption coefficient for this material in the ronge of the
incident x-ray spectrum 1s essentially indepenaent of x-ray ener\_-v;3 there-
fore, this effect of beam hardening is small. The intensity outsid: the pro-
jectile image is nearly constant throughout this linec and throughout the entire
radiograph and was subtracted from the entire Jdigitized projection. The re-
sulting projection was then inverted numerically line by line to give tht
material density along that line (Fig. 3b).

Since tne expected variation of density in a shock wave or rarefaction
wave is of the order of 0.5%-10%, the images werc cnhanced by a linear stretch
from 67.5% peak density to 100X pcak density in eight grey level increments
(Figs. 4 and 5). [ach grey level represents a 1,5%6% relative density step in
ap/p. This ¢nhancement brings out sigrificant detail. In the 4.8 us
picture, a slightly curved shockwave is visible near the top of the projectile
and a rarefaction wave is seen to extend from the intersection of the shock-
wave and the outer edge to the axis and then continues on from the axis (in
the picture this looks as if the wave reflects from the axis). There is alsu an
annular  high compression zone whose center is at the intersection of the
edyc of the prujectile and the plate. A fine resolution enhancement showed a



very narrow ridge of slightly higher density extending from the center recom-
pression zone. Higher density regions appear behind the top shock and the
reflected rarefaction. Densities in the spray are very low. The enhanced
picture for the 11.2 um radiograph shows no definable wavefronts, but shows

a pronounced density structure. The recompression zone has shifted towards
the axis. A different enhancement, concentrating on lower densities, shows a
narrow crack extending from the center line and bounding the lower density
bubble.

The density fields obtaired from radiographs can be compared to those ob-
tained from computer simulations and the adequacy of the assumed material
response functions judged from the extent of agreement. A Lagrangian programr
(SALE), using artificial viscous pressure in the shock, gave the solutions
shown in Fig. 6 and 7 for a simple fiuid model in symmetric impact (677 m/s<).
In this calculation the pressure is given by the Mie-Gruneisen form referred
to the shock Hugoniot, but modified to give negligible rupture strength.

The prominent features of the radiographs appear also in the simulation:
the inital sheck (21 kb) rapidly attenuated by lateral expansion, followed by
Jetting and a recompression to near the stagnation pressure (5 kb), beginning
near the periphery end converging to the center, finally producing at the im-
pact face a disc of warn material at normel density and, at the back face, a
dome of spalled material at lcx density. Some details of the simulations are
less plausible and would be regarded as numerical artifacts were they not
prescrnt also in the resnlvid radiographs: the slightly higher density at the
center of the nja.t face and tho shell of normal density material rising from
the compacted disc near the edge. The recompression is of particular interest
in this syster, because 1t has been proposed as a trigger for the delayed
detonation ften observed in propellants under these conditions.



TABLE I
COMPOSITION BY WEIGHT GF THE INERT POLYMER-BONDED
EXPLOSIVE (PBX) MOCKUP CYLINDERS

Constituent Wt.%
Cross linked polymers 19.00
Plasticizer 10.00
Powdered Aluminum (5 wm) 19.50
Talc 14.12
Salt (100 wm) 17.38
Salt (50 um) 20.0
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Fig. 1, Digitized radiographic of the
mockup PBX cylinder striking a steel
plate at 4.8 usec after impact.
Striking velocity is 677 m/sec.
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Fig. 3a. Radiographic film density
versus radius for one line of the
scanned data 1 mm from the top of the
projectile. Time of radioyraph is
4.8 usec.
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Fig. 7. Digitized radiograph of the
mockup PBX cylinder striking a steel
plate at 11.2 usec after impact.
Striking velocity is 677 m/sec.
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Fig. 3b. Reconstruction of the density
profile as a function of radius.




. c

Enhanced image (11inear stretch)

Fig. 4.
for the projectile at 4.8 usec after

impact. A shock wave and two rare-
faction waves are now visible.

s — o — — ——

Fig, 6. Calculated density contours for
impacl of a mockup FBX cylinder strik-
ing a stecl plate at 677 m/s at 6.0 ms
after impact. Maximum and minimun den-
sity ratios are 1,140 and 0.815. Den-
sity contours are 0.033.

Fig. 5. Enhanced image (1inear stretch)
for the projectile at 11.2 usec after

impact. No specific wavefront struc-
ture is visible, but the density
gradients are quite pronounced.

Fig. 7. Calculated density contours for
impact of a mockup of PBX cylinder
striking a steel plate at 677 m/s at
12.0 ms after impact. Maximun and min-
imum density ratios are 1.027 and 0,304,
Density contours are .073.



